Abstract Western North American (WNA) glaciers outside of Alaska cover 14,384 km 2 of mountainous terrain. No comprehensive analysis of recent mass change exists for this region. We generated over 15,000 multisensor digital elevation models from spaceborne optical imagery to provide an assessment of mass change for WNA over the period 2000-2018. These glaciers lost 117 ± 42 gigatons (Gt) of mass, which accounts for up to 0.32 ± 0.11 mm of sea level rise over the full period of study. We observe a fourfold increase in mass loss rates between [2000][2001][2002][2003][2004][2005][2006][2007][2008][2009] ], and we attribute this change to a shift in regional meteorological conditions driven by the location and strength of upper level zonal wind. Our results document decadal-scale climate variability over WNA that will likely modulate glacier mass change in the future.
Introduction
Anthropogenic warming is expected to drive continued mass loss from alpine glaciers throughout the remainder of this century (Marzeion et al., 2017) . Relative to other alpine environments, glaciers in western North America (WNA) are expected to play a minor role in future sea level rise (Levermann et al., 2013; Marzeion et al., 2018; Radić et al., 2014) given their small, cumulative volume (Huss & Farinotti, 2012) . These ice masses, however, represent important freshwater reservoirs that provide late-summer meltwater runoff when seasonal snowpacks have been depleted (Frans et al., 2018; Moore et al., 2009) or during years characterized by drought (Jost et al., 2012) . Water managers require up-to-date assessments of how these ice masses have and will likely change in the coming decades.
A global assessment of glacier mass change by Gardner et al. (2013) included an estimate of WNA glacier mass loss of 14 ± 3 Gt yr À1 for the period 2003-2009 based on the extrapolation of sparse in situ surface mass balance (SMB) measurements (Cogley, 2009) . Other approaches to estimate glacier mass change, such as satellite laser altimetry and satellite gravimetry employed by Gardner et al. (2013) for other glacierized regions, have so far proven unsuccessful for WNA due to sparse repeat-track spacing at lower latitudes and challenges associated with deconvolving competing mass change signals (groundwater, seasonal snow, reservoir volumes and glacio-isostatic adjustment). Such methods perform particularly poorly for lower-latitude mountain ranges with disperse glacier coverage, such as those that characterize WNA (Gardner et al., 2013; Jacob et al., 2012) .
Repeat mapping of surface elevation through stereophotogrammetry provides an additional approach to measure glacier thickness change on a regional scale that can circumvent spatial and temporal biases imposed by using SMB observations to estimate regional mass change. glacierized regions of WNA (e.g., Basagic & Fountain, 2011; Schiefer et al., 2007) , but no study samples all of these regions in a systematic fashion. Novel methods to infer elevation change from medium resolution satellite imagery (Brun et al., 2017) coupled with automated processing of both medium and very high resolution optical satellite imagery (Noh & Howat, 2017; Shean et al., 2016) provide new opportunities to improve global estimates of glacier mass change.
The primary motivation of our paper is to provide the first, regionally complete estimate of glacier mass change for WNA for the period 2000-2018. We then use these data to (i) quantify the contribution of WNA glaciers to sea level rise over the last 18 years, (ii) determine the reliability and representativeness of existing WNA in situ SMB records, and (iii) assess the climatic drivers that affect mass change at the subregional scale.
Materials and Methods
Here we use the term WNA to define glaciers of Region 2 from the Randolph Glacier Inventory (RGI-6.0), which is the most comprehensive digital ice coverage map for WNA (RGI Consortium, 2017) . Glaciers cover 14,384 km 2 of mountainous terrain in WNA with 88% of glacier coverage in British Columbia and Alberta, 7% in the conterminous United States (CONUS), and 5% in the Yukon and Northwest Territories ( Figure 1 and Table 1 ). To provide regional comparisons of mass change, we subdivided glacierized terrain into 15 regions ( Figure 1 and Table 1 ). In British Columbia, we use the same regions as those described in previous work (Clarke et al., 2015; Schiefer et al., 2007) .
The primary data set we use to assess glacier mass change over the last 18 years consists of digital elevation models (DEMs) obtained from the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) visible and near infrared instrument. The multispectral sensor collects both nadir and aft visible imagery with a native ground sample distance of 15 m and a swath width of~60 km (Abrams, 2000; Raup et al., 2000) . Our workflow for ASTER DEM generation (see supporting information S1) processes all ASTER scenes for 1 × 1°tiles that contain a minimum glacier area of 5 km 2 . In British Columbia and Alberta, glacier extents in RGI-6.0 originate from Landsat imagery acquired between 2004 (Bolch et al., 2010 , whereas ice extents from Yukon, Northwest Territories, and CONUS originate from multiple sources with varied [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] [2016] [2017] [2018] . Numbers refer to subregions (Table 1) and letters "K" (region 03) and "R" (region 12) respectively denote approximate location of Klinaklini Glacier and Mount Rainier (Figure 2 ).
acquisition dates (Fountain et al., 2017; Kienholz et al., 2015; Pfeffer et al., 2014) . For the CONUS regions, all glacier outlines of the RGI-6.0 covering less than 0.1 km 2 were removed, which excludes less than 0.5% of all WNA ice cover from our analysis.
For DEM generation we used two open-source software packages for the mass production of DEMs from satellite stereoscopic imagery: the National Aeronautics and Space Administration Ames Stereo Pipeline (ASP) (Beyer et al., 2018; Shean et al., 2016) and the Ohio State University's Surface Extraction from TIN (triangulated irregular network)-based Search-space Minimization (SETSM; Noh & Howat, 2015 , 2017 . We used ASP to generate 15,500 DEMs with 30-m posting from ASTER stereoscopic imagery acquired between 2000 and 2018. We supplemented the ASTER DEMs with 693 higher-resolution (2 to 8 m) DEMs generated from submeter resolution DigitalGlobe WorldView-1, WorldView-2, WorldView-3, and GeoEye-1, and three DEMs generated from Pléiades satellite imagery (e.g., Berthier et al., 2014) . WorldView/GeoEye data for CONUS were processed using ASP, while those over Canada were processed using SETSM. These non-ASTER DEMs, though temporally limited, increased repeat coverage for accumulation areas where ASTER DEMs often contain data gaps due to lack of surface texture at lower spatial and radiometric resolution. Their inclusion also increased sample count for trend fitting compared to the ASTER record.
Unlike many conventional geodetic mass balance studies that difference elevation data over glaciers between two epochs (e.g., Gardner et al., 2013; Schiefer et al., 2007) , we evaluate per pixel linear trends for overlapping DEMs over the last 18 years (e.g., Willis et al., 2012) . Our method builds upon the techniques described for glacier mass change in the French Alps (Berthier et al., 2016) and high-mountain Asia (Brun et al., 2017) . We calculate the temporal trend in elevation (dh/dt) over stable and ice-covered terrain, the latter defined as those regions that lie within polygons of the RGI-6.0 glacier inventory. Time-variable glacier outlines are not available, so we use constant glacier area outlines for the full 18-year period (supporting information S1).
Individual DEMs were resampled to 30 m and coregistered over all stable, subaerial terrain excluding ice cover, and lakes (supporting information S1) using the Nuth and Kääb (2011) approach and the Global DEM (GDEMv2; Tachikawa et al., 2011) as a reference. Once DEMs are coregistered, we perform linear weighted least squares regression for a given map coordinate {x, y} with elevation z {t1, t2, …, tn} , where the subscript x,y refers to the local Universal Transverse Mercator projection easting and northing of a given DEM of time t. This method provides an estimate of elevation change (dh/dt) at coordinate {x, y} with associated error taken to be the confidence interval of the regression about the linear fit (supporting information S1). To ) converted to mass using a density 850 kg m
À3
. c Full, early, and late, respectively, refer to periods 2000-2009, 2009-2018, and 2000-2018. d Numbers refer to regions defined on Figure 1 .
e Area-weighted averages and uncertainties for mass balance.
calculate volumetric change (dV/dt) for a given elevation band, we use hypsometric extrapolation where volume change is the summed product of average dh/dt for a given elevation band and its corresponding area. We use a density of 850 ± 60 kg m À3 to convert dV/dt to mass change (Huss, 2013) . Global sea level equivalence is calculated using a density for water of 1,000 kg m À3 and an ocean surface area of 3.6 × 10 14 m 2 (Amante, 2009 ).
Our uncertainty analysis consists of both random and systematic errors. Random errors are dominated by DEM quality (precision) and coregistration success; it can be approximated by the standard deviation (σ z ) of elevation change from stable surfaces corrected for spatial autocorrelation (Rolstad et al., 2009) . Any seasonal elevation variability (e.g., snow cover and vegetation) is also included in this metric. Full details describing the propagation of errors, including systematic errors, are provided elsewhere (supporting information S1).
To calculate changes in rates of mass change at the decadal scale, we split the elevation data set into two epochs of equal duration [ We also analyzed geopotential height (500 hPa), temperature (700 hPa), precipitation, and wind (zonal, meridional, and speed) from ERA5 (Hersbach & Dee, 2016) for the two study epochs to evaluate climatological drivers for observed glacier mass change. The ERA5 is a global reanalysis product that consists of 107 vertical levels on a 31-km grid, assimilates the greatest number of surface-and satellite-based observations of any reanalysis product, and currently extends from January 2000 to August 2018. Temperature at 700 hPa is approximately 3,100 m above sea level, and so approximates air temperatures above the elevation of most glaciers in WNA. Interannual to interdecadal climate variability is known to affect mass change of WNA glaciers (Bitz & Battisti, 1999; Hodge et al., 1998; Moore et al., 2009; Watson et al., 2006) , so we also evaluated whether decadal change in glacier mass were explained by any major shifts in ocean-atmospheric phenomena known to affect climate in WNA (supporting information S1).
Results
The DEMs cover over 99.5% of the WNA glacierized terrain, with statistically significant elevation change for 82% of those surveyed areas. Coverage for the early [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] , late [2009] [2010] [2011] [2012] [2013] [2014] [2015] [2016] [2017] [2018] , and full periods [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] [2016] [2017] [2018] over glacierized terrain respectively averages 45% (10 DEMs per pixel), 45% (8 DEMs per pixel), and 80% (13 DEMs per pixel). Fortunately, the most heavily glacierized subregions of our study domain contain a suitable number of DEMs to minimize uncertainties for all three periods during the 1 × 1°tile aggregation. High random and systematic errors exist for some subregions (e.g., Olympic Mountains, Table 1 ) with limited available stable terrain for coregistration. We observe the highest uncertainty in the Interior Ranges and Canadian Rocky Mountains (Table 1) due to reduced temporal coverage (average of nine DEM samples per pixel). While some subregions, such as the Sierra Nevada, North Cascades, and South Cascades, have greater sample depth (26 DEMs per pixel on average), they still yield mass change estimates with moderate uncertainties due in part to the high errors caused by uncertainties in mapped glacier extent. Temporal subdivision increases the uncertainty in our mass change estimates due to the reduced sample size of each epoch relative to the full 2000-2018 period of study (supporting information S1).
We also calculated mass change using sequential DEM differencing of independent high-resolution data for 175 glaciers in British Columbia ( Figure S1 and Table S1 ). Comparison of these changes over common periods of time suggests that our ASTER-based elevation trends ( Figure S5 ) represent unbiased estimates of mass change for glaciers larger than 0.5 km 2 (supporting information S1).
WNA experienced spatially variable glacier elevation change over the period 2000-2018 (Figure 1 ). When elevation change is aggregated for subregions, small glaciers in the northern interior ranges of British Columbia thinned most, whereas our trend analysis is unable to detect elevation change that is statistically different from zero for glaciers within the South Cascades and Glacier National Park over the last 18 years ( Figure 1 and Table 1 ). Large glaciers sourced from icefields in the southern Coast Mountains experienced high rates of thinning (> 10 m yr À1 ) at low elevations (Figure 2) . When averaged over all regions, WNA glaciers lost À6.5 ± 2.3 Gt yr À1 during the period 2000-2018 (Table 1) . Ninety-eight percent of this mass change originated from Canadian glaciers with ice loss in the southern Coast Mountains accounting for 58% of the total mass loss.
Our results show a fourfold increase in rates of mass loss between the early (À2.9 ± 3.1 Gt yr
À1
) and late periods (À12.3 ± 4.6 Gt yr À1 ), with notable regional differences (Figure 1) (Figure 1 ). During the early epoch, mass change was less negative for glaciers in the southern latitudes of British Columbia, whereas glaciers in the Cascade Mountains experienced high rates of mass loss (Table 1) . This pattern reversed during the late period when glacier mass loss from the southern Coast Mountains increased by a factor of 4.8. Glaciers in the south Cascades showed slight mass gain with no detectable mass change in the north Cascades (Figure 2 and Table 1 ).
The ERA5 fields reveal changes in wind speed, temperature, and precipitation between the early and late periods (Figure 3) . The north-south dipole in mass change along the U.S.-Canada border ( Figure 1 ) coincide with a shift in the average location of the midlatitude jet, here defined as the maximum velocity for upper-level (250 hPa) winds. Regional composites of monthly averaged column-integrated moisture flux (kg·m
temperature (K) at 700 hPa, and precipitation (m yr
) over the early and late periods likewise reveal latitudinal differences in those meteorological conditions that influence SMB. Regional composites of geopotential height in the Northern Hemisphere also show a zone of lower than normal pressure across the latitude band [42-47°N] with an area of higher than normal pressure across most of British Columbia (supporting information S1). These differences in geopotential height are maximized for the winter season (October-May), but they also occur during summer (June-September). During the last decade wet conditions coincided with areas of lower-than-average geopotential height in the Pacific Northwest whereas the central Coast Mountains experienced warm, dry conditions (Figure 3 ).
An examination of the relation between meteorological conditions and glacier mass change at time scales finer than a decade is not possible given the number of DEMs required for statistically significant elevation trend analysis. Cumulative departures of monthly precipitation anomalies for the 31-km ERA5 grid cell near Mount Rainier in the North Cascades (Figure 2) , however, reveals that the period 2000-2007 was characterized by drier than average conditions. An increase in precipitation commenced after 2011 for that location whereas a decrease in precipitation occurred over the central Coast Mountains after 2012.
Previous estimates of geodetic mass change for WNA glaciers at the subregional scale are primarily limited to British Columbia and Alberta (Schiefer et al., 2007) . Our estimates and those from Schiefer et al. (2007) 
Discussion and Implications of Our Study
Our study provides a comprehensive assessment of glacier mass change (À6.5 ± 2.3 Gt yr À1 ) for nearly all glacierized terrain in WNA over the period 2000-2018. Our estimated rate of WNA mass change for the early period (À2.9 ± 3.1 Gt yr À1 ) is considerably less negative than the rate (À14 ± 3 Gt yr
À1
) previously reported for the period 2003 (Gardner et al., 2013 .
In situ observations of SMB are invaluable given their temporal continuity and value in understanding climatic drivers of mass change (Hodge et al., 1998) , but their use may bias regional estimates of mass change (Gardner et al., 2013) . Our analysis (supporting information S1) shows that glaciological measurements of mass change are in broad agreement with geodetic estimates at the local scale, but they do not effectively sample large ice masses that dominate the regional signal of mass change from WNA, namely, large icefields in the southern Coast Mountains. Using available SMB measurements for 14 glaciers in WNA (supporting 
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Geophysical Research Letters information S1), we calculate an average mass change of À874 ± 100 kg m À2 yr À1 over the period [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] [2016] [2017] . When multiplied by the total glacierized area of WNA, this value yields an annual mass loss of 13.6 ± 4.3 Gt yr
À1
, close to the value (14 ± 3 Gt yr
) calculated by Gardner et al. (2013) using a similar approach. These values are twice as large as those based on our trend analysis. This discrepancy suggests that glaciers chosen for long-term monitoring programs are losing mass more rapidly than the region as a whole. Our findings accord with a study by Fountain et al. (2009) , who concluded that South Cascade Glacier, chosen for long-term in situ SMB observations, lost three times more mass than glaciers in the north Cascade Mountains (subregion 11 of Table 1 ).
Cumulative mass loss from WNA glaciers over the period 2000-2018 could potentially account for 0.32 ± 11-mm global sea level rise equivalent, about 0.6% of observed SLR over the period 1993 -2017 (Nerem et al., 2018 . Our estimate is an upper limit as it assumes that meltwater from glacier mass loss was directly conveyed to the ocean and not stored in intermediate locations (e.g., proglacial lakes formed over the last 18 years). While surface storage of this water might be small, it could contribute to aquifer recharge (Liljedahl et al., 2017) .
One of the most surprising findings of our study is the dipole pattern of mass change between glaciers in the British Columbia central Coast [50-55°N] and the Cascade mountains [42-47°N] of the United States (Figure 1 ). Positive anomalies in zonal winds (250 hPa) over the Cascade Mountains imply a strengthening and southward shift in the jet stream between the early and late periods that would increase the frequency of mid-latitude cyclones with attendant increases in precipitation. A change in meteorological conditions that favor changes in glacier mass are clearly revealed in the composite anomaly maps, especially for the central, southern Coast and Cascade glaciers (Figure 3) . Glaciers of the southern Coast Mountains descend to lower elevations than those that flank high Cascade volcanoes. The partitioning of precipitation into either rain or snow may also explain why some of the Cascade glaciers gained mass during the recent period while Coast Mountain glaciers continued to experience strong thinning and mass loss. Future work employing surface mass and energy balance modeling at the glacier scale can be used to test this hypothesis.
The spatial distribution of subregional mass change is partly linked to regional changes in atmospheric circulation that affect accumulation and ablation. Others have noted the importance of zonal wind on controlling glacier mass balance (Marshall et al., 2011; Shea & Marshall, 2007) , and some studies attribute a decline in zonal wind strength to explain the long-term decline in winter snow water equivalent (Luce et al., 2013) . In our study, anomalies in zonal wind covary with many of the meteorological fields known to control glacier mass balance, namely, temperature and precipitation. Orographically enhanced precipitation in WNA is also favored when strong zonal flow delivers moist air masses that originate over the Pacific Ocean 2000 , 2000 , and for the period 1985 -1999 (Schiefer et al., 2007 . (Jarosch et al., 2012; Neiman et al., 2008) . Regions of weak zonal wind also coincide with lower-than-average geopotential height over last 18 years.
It remains uncertain whether mass change observed over the last 18 years is related to natural climate variability known to affect glacier mass balance in WNA (Bitz & Battisti, 1999; Hodge et al., 1998; Moore & Demuth, 2001 ), stochastic variability, or whether these recent changes are related to anthropogenic climate change. We note no obvious relation between major climate indices and decadal changes in zonal wind strength or pressure at the subregional scale (supporting information S1). Using an ensemble of 25 global climate models, however, Luce et al. (2013) show that under a high emission scenario (RCP8.5), zonal wind (700 hPa) strength significantly decreases over the Cascade and Coast Mountains by the end of this century. Zonal winds weaken most over the central and southern Coast Mountains (50-55°N) but strengthen over southern latitudes of California (Luce et al., 2013) . Based on the results of our study, weaker zonal winds would tend to favor stronger mass loss for glaciers in the Cascade and Coast Mountains.
Glaciers in both the CONUS and western Canada are expected to undergo continued mass loss throughout this century, even under moderate emission scenarios (Clarke et al., 2015; Frans et al., 2018; Huss & Hock, 2018) . These changes will reduce or eliminate the thermal-and flow-buffering capacity provided by glacier runoff for many watersheds, with implications for downstream ecosystems and water resources. If the last 18 years provide a suitable analogue for the next 30-50 years, future glacier change will be modulated by decadal-scale climate variability. Like seasonal snow cover, improvement in understanding and forecasting climate variability at decadal time scales will be important to help guide estimates of glacier mass change for water management. Projections of future glacier mass change for both the CONUS (Frans et al., 2018) and western Canada (Clarke et al., 2015) , like other regions, depend on well-distributed observations of glacier area and mass change, and our results can be used to improve modeling efforts that seek to understand the fate of glaciers under future climate scenarios.
